Introduction
============

Active zones were identified by electron microscopy as the electron dense thickening of the presynaptic where synaptic vesicles accumulate and dock and the area apposing the postsynaptic specialization (Couteaux and Pecot-Dechavassine, [@B27]; Hirokawa and Heuser, [@B56]; Harlow et al., [@B53]; Nagwaney et al., [@B86]). The active zone is the synaptic vesicle release site (Couteaux and Pecot-Dechavassine, [@B27]; Heuser et al., [@B54]), and thus, the density of presynaptic active zones is closely related to the efficiency of synaptic transmission (Propst and Ko, [@B107]). Therefore, the number, size, and distribution of active zones have a profound effect on how information is processed in a neuronal circuit and how the circuit adapts in response to various internal or external cues. In spite of the central role of active zones in synaptic transmission, it is still largely unknown how the number and density of the active zones within a presynaptic terminal are regulated during the development and maturation of synapses or during changes related to synaptic plasticity. The goal of this review is to highlight recent insights into the organization of active zone density and number within a single synaptic terminal or a synaptic bouton and the molecular mechanisms that control the density of active zones during development and synaptic plasticity. The emerging hypothesis from these data is that the active zone density is maintained during the developmental growth of synapses in the central and peripheral nervous systems by molecular mechanisms that do not require neuronal activity. However, active zone density does change in the plastic synapses of the central nervous system (CNS) during stimulus-dependent changes in synaptic efficacy. The analysis of the active zone density within an axon making *en passant* synapses in *C. elegans* has revealed important molecular mechanisms for active zone formation, which have been reviewed in detail elsewhere (Jin, [@B57]).

The Definition of Active Zones Detected with Different Analysis Methods
=======================================================================

Active zones have been analyzed using several different techniques, each of which yields a slightly different appearance. We will first review these detection methods and the definition of active zones based on each method. Transmission electron microscopy was first used to describe the active zones in frog neuromuscular junctions (NMJs) as thickened presynaptic membranes containing electron dense material that align with the postsynaptic junctional folds and fuse with synaptic vesicles (Couteaux and Pecot-Dechavassine, [@B27]). The active zones possess triangular electron dense projections that extend from the presynaptic membrane into the cytosol in transmission electron micrographs of frogs and rodents (Couteaux and Pecot-Dechavassine, [@B27]; Hirokawa and Heuser, [@B56]; Nishimune et al., [@B92]; Rowley et al., [@B113]). The three-dimensional reconstruction of serially sectioned transmission electron micrographs shows the discrete locations of active zones scattered in the presynaptic terminal of rat NMJs (Rowley et al., [@B113]). At *Drosophila* NMJs, active zones detected by transmission electron micrographs show an electron dense thickening of the presynaptic membrane with electron dense projections called T-bars that extend from the presynaptic membrane into the cytosol (Zhai and Bellen, [@B148]). In some *Drosophila* analyses, active zones are referred to as the synapses, and the T-bars are referred to as the dense bodies. These ultrastructural analyses using transmission electron microscopy provided the basic definition of active zones.

Freeze-fracture electron microscopy revealed a higher resolution structure of the active zones from the interior of the cytosolic half of a plasma membrane (P-face). The NMJs exhibit parallel rows of large intramembranous particles on the P-face of presynaptic membranes in humans, mice, rats, and lizards (Ellisman et al., [@B36]; Fukunaga et al., [@B44]; Walrond and Reese, [@B133]; Fukuoka et al., [@B45]). Using this methodology, an active zone has been defined as a parallel array of 10--12 nm intramembranous particles arranged in four rows, with each active zone containing 20 of these intramembranous particles (Ellisman et al., [@B36]). However, the organization of these large intramembranous particles is different in frog NMJs compared to mammals. Freeze-fracture electron microscopy allowed for the detection of long parallel rows of large intramembranous particles on the P-face and exocytosis events adjacent to these particles in the frog NMJs (Heuser et al., [@B55], [@B54]). A continuum of these intramembranous particles that nearly spans the width of the nerve branch is considered as one active zone in the frog NMJ (Ko, [@B67]). The size of the active zones correlates well with the quantal content at the frog NMJ (Propst and Ko, [@B107]). The active zones defined by these intramembranous particles are consistent with the active zones defined using transmission electron microscopy, and these findings are further supported by the tomography method.

Electron microscope tomography analysis revealed the presynaptic structures in frog NMJs (Harlow et al., [@B53]) and mouse NMJs (Nagwaney et al., [@B86]) in great detail. Macromolecules of active zone materials connect to each other, to the transmembrane peg-like structure (similar to the intramembranous particles detected by freeze-fracture electron microscopy), and to the docked synaptic vesicles at the active zones in the nerve terminals. These electron microscope tomography analyses suggested that the electron dense materials at the active zones detected by transmission electron microscopy and the intramembranous particles detected by the freeze-fracture electron microscopy are part of a large presynaptic protein complex at the active zones.

The ultrastructural analysis methods described above defined the active zone and revealed the high-resolution structure of the active zones. However, an analysis of the distribution pattern of all the active zones within one presynaptic terminal is difficult to obtain with the freeze-fracture and tomography methods and very laborious using the reconstruction of serially sectioned transmission electron micrographs. Needless to say, it becomes a challenge to analyze these parameters over a large number of presynaptic terminals or to analyze the protein composition of the active zones. The recent use of the presynaptic cytosolic protein Bassoon as a marker for active zones has allowed for the detection of active zones using fluorescent immunohistochemistry in the synapses of the central and peripheral nervous system (Nishimune et al., [@B92]; Dondzillo et al., [@B32]; Bednarek and Caroni, [@B7]; Chen et al., [@B21]). Bassoon is a large cytosolic scaffolding protein, and its specific localization at the active zones of ribbon synapses and brain synapses was confirmed by immunoelectron microscopy (tom Dieck et al., [@B127], [@B126]; Brandstatter et al., [@B13]; Richter et al., [@B109]; Zhang et al., [@B149]). Bassoon immunohistochemistry reveals a discrete and small punctate staining pattern in the presynaptic terminals, and these puncta are recognized as individual active zones. The definition of the active zones based on fluorescent immunohistochemistry is supported by the immunoelectron microscopy analysis described above and the similarities in the number and distribution pattern of the puncta detected by fluorescent immunohistochemistry and the active zones detected by electron microscopy in NMJs, the calyx of Held, and the ribbon synapses of photoreceptors (Table [1](#T1){ref-type="table"}; Satzler et al., [@B114]; tom Dieck et al., [@B126]; Rowley et al., [@B113]; Dondzillo et al., [@B32]; Chen et al., [@B22]). For example, the density of NMJ active zones detected by Bassoon immunohistochemistry is consistent with the active zone density detected by freeze-fracture electron microscopy (Table [1](#T1){ref-type="table"}). Furthermore, the total number of puncta detected by immunohistochemistry against active zone proteins Bassoon and Piccolo in the rat calyx of Held is in accordance with the total number of active zones detected by the three-dimensional reconstruction of transmission electron micrographs (Table [1](#T1){ref-type="table"}; Dondzillo et al., [@B32]). However, this analysis revealed that the active zones in the calyx of Held have different protein compositions, as shown by some non-overlapping puncta of Bassoon and Piccolo, and suggested that the active zones detected by immunohistochemistry methods must be carefully evaluated depending on the type of synapses to be analyzed. In spite of this, the immunohistochemistry-based active zone analysis is advantageous over electron microscopy in two ways: the ease of analyzing a large sample size and the protein composition of the active zones.

###### 

**Active zone density**.

  Synapse                                                                  Species   Age            Synapse size \[terminal volume (μm^3^) or pre--post apposition area (μm^2^)\]   Active zone number per presynaptic terminal or per bouton   Active zone density (active zones/μm^2^)     Detection method                                        Reference
  ------------------------------------------------------------------------ --------- -------------- ------------------------------------------------------------------------------- ----------------------------------------------------------- -------------------------------------------- ------------------------------------------------------- ----------------------------------
  Neuromuscular junction                                                   Human     Adult          Not provided                                                                    Not provided                                                2.6/μm^2^                                    Freeze-fracture electron microscopy                     Fukunaga et al. ([@B44])
  Neuromuscular junction                                                   Mouse     Adult          Not provided                                                                    Not provided                                                2.5/μm^2^                                    Freeze-fracture electron microscopy                     Fukunaga et al. ([@B43])
  Neuromuscular junction                                                   Mouse     P48            295 μm^2^                                                                       780                                                         2.6/μm^2^                                    Fluorescent immunohistochemistry                        Chen et al. ([@B21])
  Calyx of Held                                                            Cat       Adult          1450 μm^2^[\*](#tfn1){ref-type="table-fn"}                                      2400                                                        1.7/μm^2^[\*](#tfn1){ref-type="table-fn"}    3D reconstruction of transmission electron micrograph   Rowland et al. ([@B112])
  Calyx of Held                                                            Rat       P9             1022 μm^2^                                                                      554                                                         0.54/μm^2^[\*](#tfn1){ref-type="table-fn"}   3D reconstruction of transmission electron micrograph   Satzler et al. ([@B114])
  Calyx of Held                                                            Rat       P9             655 μm^3^                                                                       405                                                         0.61/μm^3^                                   Fluorescent immunohistochemistry                        Dondzillo et al. ([@B32])
                                                                                     P21            935 μm^3^                                                                       601                                                         0.64/μm^3^[\*](#tfn1){ref-type="table-fn"}                                                           
  Endbulb of Held                                                          Rat       P25            Not provided                                                                    155                                                         0.066 PSD/μm^2^                              3D reconstruction of transmission electron micrograph   Nicol and Walmsley ([@B89])
  Large mossy fiber terminals of granule cells in the hippocampal CA3      Rat       P28            32.84 μm^2^                                                                     29.75 per bouton                                            0.91/μm^2^                                   3D reconstruction of transmission electron micrograph   Rollenhagen et al. ([@B110])
                                                                                     Adult          22.07 μm^2^                                                                     18.25 per bouton                                            0.83/μm^2^[\*](#tfn1){ref-type="table-fn"}                                                           
  Muscle spindle afferents onto lumbar motor neurons in the spinal cord    Cat       Not provided   6.8 μm^2^                                                                       6.1 per bouton                                              0.90/μm^2^[\*](#tfn1){ref-type="table-fn"}   3D reconstruction of transmission electron micrograph   Pierce and Mendell ([@B104])
  Synapse onto motor neurons in the cervical spinal cord                   Turtle    Adult          1.46 μm^2^                                                                      3--4 Active zones per terminal size larger than 2 μm^2^     0.70/μm^2^[\*](#tfn1){ref-type="table-fn"}   3D reconstruction of transmission electron micrograph   Yeow and Peterson ([@B145])
  GABAergic nigrothalamic terminals in the ventromedial nucleus            Monkey    Adult          2.91 μm^3^                                                                      8.5                                                         2.9/μm^3^[\*](#tfn1){ref-type="table-fn"}    3D reconstruction of immunoelectron micrograph          Bodor et al. ([@B11])
  Anterior pretectal nucleus terminals in the posterior thalamic nucleus   Rat       P45-60         2.4 μm^3^                                                                       7.6                                                         3.2/μm^3^[\*](#tfn1){ref-type="table-fn"}    3D reconstruction of immunoelectron micrograph          Wanaverbecq et al. ([@B134])
  GABAergic nigrothalamic terminals in the ventromedial nucleus            Rat       Adult          1.76 μm^3^                                                                      8.5                                                         4.8/μm^3^[\*](#tfn1){ref-type="table-fn"}    3D reconstruction of immunoelectron micrograph          Bodor et al. ([@B11])
  Stratum radiatum in CA1 hippocampus                                      Mouse     Adult          0.086 μm^3^                                                                     2--3 Active zones per bouton in 10% of the synapses         13/μm^3^[\*](#tfn1){ref-type="table-fn"}     3D reconstruction of transmission electron micrograph   Schikorski and Stevens ([@B115])

*\*Calculated from data in the papers*.

Constant Active Zone Density at the NMJ
=======================================

Active zone density is maintained at a constant level during development at the large synapses of the peripheral nervous system in mammals. Freeze-fracture electron microscopy has revealed that the active zone density is 2.4--2.7 active zones/μm^2^ in mouse and human adult NMJs (Fukunaga et al., [@B44], [@B43]; Fukuoka et al., [@B45]). The Bassoon immunohistochemistry allowed us to analyze the active zones within each presynaptic terminal over large numbers of mouse NMJs (Nishimune et al., [@B92]; Chen et al., [@B21]). While the synapse size and the number of active zones in mouse NMJs increases by more than threefold during postnatal development between postnatal day 0 and 54, the density of the active zones remains constant at 2.3 active zones/μm^2^ (Chen et al., [@B22]). Importantly, the active zone densities measured using two different techniques and in two species make a compelling argument that the active zones of mammalian NMJs are maintained at 2.3--2.7 active zones/μm^2^.

The developmental analysis of active zone formation has also been reported for the frog NMJ using freeze-fracture electron microscopy (Ko, [@B67]). In spite of the structural differences in these active zones compared to mammals, the number of elongated active zones per postsynaptic junctional fold remains relatively constant at approximately 1.5 active zones per junctional fold throughout development until adulthood (Ko, [@B67]).

The maintenance of a constant active zone density at synapses as they increase in size is potentially advantageous for synaptic transmission. In the presynaptic terminal, a regulated distance between active zones ensures their access to synaptic vesicles and Ca^2+^ buffering systems (Llinas et al., [@B74]; Neher, [@B88]). In the synaptic cleft, the local concentration of the neurotransmitter will be kept under a certain level by the constant density of active zones, which aids the effective clearance of neurotransmitters (Massoulie and Bon, [@B78]). On the postsynaptic side, the density of neurotransmitter receptors can be maintained at a constant level during developmental increases in the synapse size, for example, to secure the safety factor of neurotransmission at NMJs (Kelly, [@B62]). These advantages support the significance of maintaining the active zone density for the efficacy of synaptic transmission.

Synaptic Activity and Active Zone Density at the NMJ
====================================================

Does synaptic activity modify the active zone density at NMJs? During development, muscle fibers acquire slow or fast fiber type characteristics (Narusawa et al., [@B87]; Condon et al., [@B25]). The NMJs of these two fiber types differ in morphology and size, and the fast fiber type tends to have a larger NMJ (Prakash et al., [@B105]; Chakkalakal et al., [@B20]). Motor neurons innervating these fiber types can be classified into subtypes based on the contractile properties of the motor units (Burke et al., [@B18]; Kanning et al., [@B61]). These fast and slow motor neurons have different firing rates and durations of post-spike hyperpolarization (Gardiner, [@B46]; Lee and Heckman, [@B70],[@B71]). In spite of these activity differences, the active zone density analyzed by the three-dimensional reconstruction of transmission electron micrographs is similar between the NMJs of fast and slow muscle fiber types (Rowley et al., [@B113]).

An extreme case of synaptic activity difference can be observed in mice lacking the neurotransmitter acetylcholine. Choline acetyltransferase knockout mice (*Chat^−/−^*) cannot synthesize acetylcholine and show no synaptic transmission at NMJs but exhibit a normal number of NMJ active zones when quantified using transmission electron micrographs (Misgeld et al., [@B82]). This result suggests that the active zone density at embryonic mouse NMJs is independent of the synaptic activity. Just as reduced (or no) synaptic activity has little effect on the number of active zones, enhanced synaptic transmission does not appear to affect active zone formation either. Knockout mice for the collagenous subunit of acetylcholinesterase, ColQ, exhibited no acetylcholinesterase activity at NMJs and showed elongated miniature endplate potential (mEPP) amplitude (Feng et al., [@B41]). Although the active zone density was not quantified, the knockout mice showed normal active zones with synaptic vesicles in transmission electron micrographs. Similarly, knockout mice for acetylcholinesterase also exhibited ultrastructurally normal NMJs in transmission electron micrographs (Xie et al., [@B142]). These results suggest that the active zone density at NMJs is independent of the synaptic activity. This contrasts with the role of synaptic activity in synapse elimination and the postsynaptic differentiation of NMJs (Lichtman et al., [@B72]; Buffelli et al., [@B16]; Lin et al., [@B73]; Misgeld et al., [@B83]).

Analysis using the three-dimensional reconstruction of transmission electron micrographs shows that the active zone density of *Drosophila* NMJs is also maintained in a homeostatic manner even after manipulations to augment or attenuate synaptic efficiency (Meinertzhagen et al., [@B80]; Reiff et al., [@B108]). For example, synaptic transmission at *Drosophila* larvae NMJs is strengthened by an elevated DGluR-IIA accumulation at NMJs, either by overexpressing DGluR-IIA or by the induction of DGluR-IIA in heterozygotes of the translation--initiation factor poly(A)-binding protein (*pabp*; Sigrist et al., [@B120]). However, the density of the T-bar remains similar to that of the wild-type NMJ level when analyzed by the three-dimensional reconstruction of transmission electron micrographs (Sigrist et al., [@B120]). This study suggests that the number of T-bars is proportional to the *Drosophila* NMJ size. Similarly, the puncta size and the distribution pattern of the active zone marker Bruchpilot in NMJs detected by fluorescent immunohistochemistry are indistinguishable between wild-type and mutant *Drosophila* with increased neuronal activity via the expression of the dominant negative Shaker, with reduced neuronal activity due to decreased sodium channel expression, or with decreased transmitter release in the *unc-18* mutant (Graf et al., [@B49]). In summary, the active zone densities of mouse and *Drosophila* NMJs are not affected by synaptic activity and are maintained at a constant level.

Active Zone Density during Aging and in Diseases
================================================

Although the density of active zones is kept constant at NMJs during developmental growth and altered synaptic activity, the active zone is not a stable structure during the normal aging process and some pathological disorders. These conditions cause some active zones to be depleted, which results in a defect in neurotransmission. Aged NMJs demonstrate many morphological alterations, including partial or complete withdrawal of the axons from some postsynaptic sites (Fahim and Robbins, [@B39]; Banker et al., [@B6]; Balice-Gordon, [@B5]; Valdez et al., [@B129]). However, in fully innervated, aged NMJs, the active zone density detected by Bassoon immunohistochemistry was decreased compared to young adult mice (Chen et al., [@B22]). This is consistent with the attenuated mEPP frequency observed at the NMJs of aged mice and rats (Gutmann et al., [@B50]; Banker et al., [@B6]; Alshuaib and Fahim, [@B2]; Fahim, [@B38]). Thus, active zone density decreases and synaptic transmission weakens at aged NMJs, which may lead to their denervation.

Reduced active zone density at the NMJ was also observed in pathological conditions such as Lambert--Eaton myasthenia syndrome (LEMS) and Pierson's syndrome. LEMS, an autoimmune disease caused by anti-calcium channel autoantibodies, is characterized by a decreased quantal release of acetylcholine from the presynaptic terminal of NMJs (Eaton and Lambert, [@B35]; Elmqvist and Lambert, [@B37]; Lambert and Elmqvist, [@B68]; Kim and Neher, [@B64]). Freeze-fracture electron microscopy revealed a marked decrease in the active zone density in the NMJs of patients with LEMS (Fukunaga et al., [@B44]). The passive transfer of patient IgG to mice caused LEMS-like electrophysiological changes with reduced active zone numbers at the NMJ as detected by freeze-fracture electron microscopy (Fukunaga et al., [@B43]; Fukuoka et al., [@B45]; Nagel et al., [@B85]). In addition to LEMS, active zone deficiency is also found in another myasthenic disease called Pierson's syndrome. Pierson's syndrome is a newly defined congenital disease caused by mutations in the laminin β2 gene (Zenker et al., [@B146],[@B147]; Mark et al., [@B76]). A decreased number of active zones were confirmed by transmission electron microscopy in the muscle biopsies from patients as well as laminin β2 knockout mice (Noakes et al., [@B94]; Nishimune et al., [@B92]; Maselli et al., [@B77]). Attenuated active zones may partially account for the reduced mEPP frequency and the EPP quantal content in this disease (Maselli et al., [@B77]). LEMS and Pierson's syndrome may not be the only two neurological diseases that show active zone abnormalities. Gerstmann--Sträussler--Scheinker (GSS) syndrome is one type of fetal prion disease that causes prominent neurodegeneration in the cerebellum and cerebral cortex (Ghetti et al., [@B47]; Mead, [@B79]). In a *Drosophila* model of GSS syndrome, the amount of the active zone protein Bruchpilot was significantly reduced, indicating that an active zone deficiency may be involved in the progress of this disease (Choi et al., [@B23]). However, it is currently unclear whether patients with GSS syndrome show this active zone deficiency or not. The lack of symptom information may be partially due to the requirement of electron microscopy for active zone detection in the past. The recent discovery of an immunofluorescent labeling of active zone proteins should enable the evaluation of the active zone structure in these neurological diseases in a fast and accurate way (Nishimune et al., [@B92]; Dondzillo et al., [@B32]; Bednarek and Caroni, [@B7]; Chen et al., [@B22]). Active zones play an essential role in neurotransmission; thus, a deeper knowledge of active zone changes will definitely enhance the understanding of the pathogenesis of these diseases. Although active zone density has a remarkable ability to remain constant, some factors, such as aging and disease, alter its stability.

Active Zone Density in the CNS
==============================

Is the active zone density of CNS synapses organized similarly to the NMJ active zones? Partly due to the small size of CNS synapses, many CNS presynaptic terminals possess only one active zone. When analyzed using the three-dimensional reconstruction of transmission electron micrographs, 90% of the presynaptic boutons exhibit only a single active zone at the synapses within the stratum radiatum in the CA1 region of the mouse hippocampus (Schikorski and Stevens, [@B115]). Similarly, the active zones on cerebellar climbing fibers and parallel fibers are located in distinct boutons, and each bouton typically has one active zone (defined by the apposing synaptic vesicle cluster and postsynaptic density; Xu-Friedman et al., [@B143]).

However, many large CNS synapses exhibit multiple active zones per presynaptic terminal in three-dimensional reconstructions of transmission electron micrographs (Table [1](#T1){ref-type="table"}). For example, in the auditory brain stem, the calyxes of Held in rats and cats have 405--2400 active zones per nerve terminal (Rowland et al., [@B112]; Satzler et al., [@B114]), and the rat endbulb of Held has an average of 155 active zones per endbulb (Nicol and Walmsley, [@B89]). The large mossy fiber terminals of granule cells in the stratum lucidum of the adult rat hippocampal CA3 region has an average of 18 active zones per bouton (Rollenhagen et al., [@B110]), and some synapses in the stratum radiatum in the CA1 region of the adult mouse hippocampus have two to three active zones per bouton (Schikorski and Stevens, [@B115]). Rat and monkey GABAergic nigrothalamic terminals in the ventromedial nucleus have an average of 8.5 active zones per large dendrite (Bodor et al., [@B11]). In the posterior thalamic nucleus of rats, the nucleus reticularis thalami terminals have an average of two active zones per terminal, while inputs from the anterior pretectal nucleus have an average of 7.6 active zones (Wanaverbecq et al., [@B134]). Large presynaptic terminals synapsing onto motor neurons in the spinal cord of cats and turtles (Yeow and Peterson, [@B145]; Pierce and Mendell, [@B104]) and some parallel fiber synapses onto cerebellar Purkinje cells in young rats (Xu-Friedman et al., [@B143]) have more than one active zone per bouton. These variations in active zone number suggest a mechanism for accommodating the active zone number to the synapse size.

Indeed, the maintenance of active zone density can be observed during the development of the calyx of Held in the auditory brainstem, which is one of the largest synapse in the CNS. Between postnatal day 9 and 21, the size of the rat calyx of Held increases 1.4-fold; however, the density of the active zones remains constant at approximately 0.6 active zones per unit calyx size (μm^3^) when analyzed by fluorescent immunohistochemistry using Bassoon and Piccolo antibodies (Dondzillo et al., [@B32]). These results suggest that the active zone density is maintained during the development of this CNS synapse, similar to the NMJs.

The control of active zone density can also be observed in the spinal cord. Synapses on the motor neuron cell body in the spinal cord were analyzed in detail using the three-dimensional reconstruction of transmission electron micrographs (Yeow and Peterson, [@B145]; Pierce and Mendell, [@B104]). These analyses revealed a few interesting characteristics of CNS active zones. First, the size of individual active zones rarely exceeded 0.4 μm^2^, suggesting that active zones have a limited size for proper function. Second, synapses with larger apposition areas of presynaptic and postsynaptic membranes have two or more discrete regions of active zones within a single synapse, demonstrating a correlation between the active zone number and bouton size (Yeow and Peterson, [@B145]). Consistently, the total area of the active zones within a single presynaptic terminal is correlated with the bouton volume in a linear fashion (Yeow and Peterson, [@B145]; Pierce and Mendell, [@B104]). These observations suggest that the active zone density of this CNS synapse is also controlled.

Hippocampal synapses also show some control of active zone density. At the synapses within the stratum radiatum in the CA1 region of the mouse hippocampus, 8% have two active zones, and 2% have three active zones based on the three-dimensional reconstruction of serial transmission electron micrographs (Schikorski and Stevens, [@B115]). These multiple active zones within a single presynaptic bouton contact different postsynaptic spines. The size of the active zones is matched closely by the postsynaptic density area. Importantly, the active zone area size, which averages 0.039 μm^2^ in the hippocampal CA1 region, was linearly related to the volume of the presynaptic bouton, suggesting a regulation of active zone density at these hippocampal synapses.

However, while the CNS synapses show controlled active zone density, some hippocampal synapses also show changes in active zone density. The active zones in the hippocampal mossy fiber boutons of adult rats possess on average 18 active zones when analyzed using the three-dimensional reconstruction of transmission electron micrographs (Rollenhagen et al., [@B110]). These active zones maintained approximately 10% of the pre- and postsynaptic apposition area during development from postnatal day 28 to 3--4 months of age, suggesting that there is also some control of active zone density in this synapse (Rollenhagen et al., [@B110]). The detection of multiple active zones within a large mossy fiber terminal in the stratum lucidum of the hippocampal CA3 region is also supported by Bassoon immunohistochemical analysis (Bednarek and Caroni, [@B7]). The density of these active zones was studied in mice housed in an enriched environment, which is known to enhance learning and memory (Nithianantharajah and Hannan, [@B93]). Thus, changes in synaptic transmission efficiency are expected in the hippocampus. Consistent with this hypothesis, mice housed in an enriched environment for 2 weeks showed increased morphological complexity of the large mossy fiber terminals. Interestingly, the active zone density remained constant during this period. These observations suggest that active zone density is maintained to some degree even in the hippocampal synapses showing plasticity. However, housing mice in the enriched environment for 4 weeks did increase the density of active zones in the large mossy fiber terminals, suggesting a further modification of presynaptic function (Bednarek and Caroni, [@B7]). In summary, the examples shown in this section suggest that the density of active zones is controlled in CNS synapses of various sizes, but in contrast to NMJs, some of these synapses show plasticity in the density of active zones.

Molecular Constituents of Active Zones and Mechanisms of Active Zone Formation
==============================================================================

Recently, the molecular identities of active zone-specific proteins and the protein interactions essential for the formation of active zones have been increasingly revealed. The constituents of active zones in vertebrate synapses are called the cytoskeletal matrix of the active zone (Dresbach et al., [@B33]) and includes Bassoon (tom Dieck et al., [@B127]), CAST/ELKS/Erc family proteins (Ohtsuka et al., [@B96]; Wang et al., [@B138]; Deguchi-Tawarada et al., [@B29]), Munc13 (Brose et al., [@B15]; Betz et al., [@B9]), Piccolo (Cases-Langhoff et al., [@B19]), and RIM1/2 (Wang et al., [@B139]). *Drosophila* active zones contain a member of the ELKS/Rab6IP2/CAST/Erc family of proteins called Bruchpilot (Kittel et al., [@B65]; Wagh et al., [@B131]), and *C. elegans* active zones contain SYD-2 (Yeh et al., [@B144]). Active zone proteins form a large protein complex by binding to each other (Wang et al., [@B138], [@B136]; Deguchi-Tawarada et al., [@B29]; Takao-Rikitsu et al., [@B125]; Dulubova et al., [@B34]; Ohara-Imaizumi et al., [@B95]). In addition, these proteins are tethered to the membrane by binding to presynaptic voltage-dependent calcium channels (VDCCs) on the cytosolic side (Coppola et al., [@B26]; Shibasaki et al., [@B118]; Kiyonaka et al., [@B66]; Fouquet et al., [@B42]; Uriu et al., [@B128]; Chen et al., [@B21]; Kaeser et al., [@B60]; Billings et al., [@B10]). Some of these protein complexes are anchored to the presynaptic membrane by the extracellular interactions between VDCCs and synapse organizers (Nishimune et al., [@B92]; Chen et al., [@B21]).

Interestingly, an analysis of knockout mice lacking active zone-specific proteins revealed mostly a reduction in the number of docked synaptic vesicles, but no change in the number of active zones. For example, Rim1/2 knockout mice show a decrease in the number of docked synaptic vesicles and the density of presynaptic VDCCs in the calyx of Held, but the size of the active zones (defined by the postsynaptic density size) was not altered in the three-dimensional reconstruction of transmission electron micrographs (Han et al., [@B52]). Similarly, the roles of Bassoon and Piccolo in synaptic vesicle clustering at the active zones were demonstrated in the analyses of the CNS and sensory synapses in the single knockout mice for Bassoon or Piccolo as well as the double mutant mice with a Piccolo knockout combined with a Bassoon knockdown (Altrock et al., [@B3]; Dick et al., [@B30]; Specht et al., [@B121]; Angenstein et al., [@B4]; Buran et al., [@B17]; Goetze et al., [@B48]; Hallermann et al., [@B51]; Lanore et al., [@B69]; Mukherjee et al., [@B84]). However, ELKS2a/CAST knockout mice exhibit a normal number of docked synaptic vesicles and synapse ultrastructural morphology in the hippocampal CA1 region analyzed by transmission electron microscopy (Kaeser et al., [@B59]). Interestingly, the ELKS2a/CAST deletion causes an increase in inhibitory neurotransmitter release and exploratory behaviors, suggesting some alteration of active zones. Meanwhile, in the *Drosophila* Bruchpilot mutant, the electron dense projection at the active zone (T-bar) is completely missing in NMJs analyzed by transmission electron microscopy (Kittel et al., [@B65]; Fouquet et al., [@B42]). Furthermore, in the Bruchpilot mutant, the density of presynaptic VDCCs is normal at the nascent synapse (active zone) but lower in the more mature synapse (active zone). The Bruchpilot mutant may have a normal density of active zones (defined by the thick presynaptic membrane in transmission electron micrographs), but normal active zones with VDCCs and T-bars are less numerous than in controls when the NMJs mature without Bruchpilot. These defects cause a reduction in the evoked excitatory junctional current amplitudes and quantal content (Kittel et al., [@B65]).

Although the regulatory mechanism for active zone density is largely unknown, the molecular mechanisms leading to active zone formation have been extensively studied and are reviewed in detail elsewhere (Broadie and Richmond, [@B14]; Rosenmund et al., [@B111]; Jin, [@B57]; Prescott and Zenisek, [@B106]; Fejtova and Gundelfinger, [@B40]; Collins and DiAntonio, [@B24]; Stryker and Johnson, [@B123]; Jin and Garner, [@B58]; Owald and Sigrist, [@B97]; Sigrist and Schmitz, [@B119]; Wichmann and Sigrist, [@B140]; Nishimune, [@B90],[@B91]).

Molecular Mechanisms for Controlling Active Zone Density
========================================================

In contrast to the increasing knowledge of active zone formation, less is known about the molecular mechanism that controls the density of active zones. One potential mechanism for controlling active zone density is the role of synapse organizers expressed by the postsynaptic cell. At vertebrate NMJs, the muscle-derived synapse-organizer laminin β2 and presynaptic P/Q-type VDCCs bind extracellularly and organize the active zones (Nishimune et al., [@B92]). On the cytosolic side of the presynaptic P/Q-type VDCCs, the VDCC β subunits bind to Bassoon and CAST, demonstrating a mechanism that links an extracellular synapse organizer to the active zone proteins through VDCC subunit complexes (Chen et al., [@B21]). The active zone density and the docked synaptic vesicle number are significantly decreased at the NMJs of laminin β2 knockout mice, P/Q-type or N-type VDCC (α subunit) knockout mice, and P/Q- and N-type VDCC double knockout mice when analyzed by transmission electron microscopy or Bassoon immunohistochemistry (Noakes et al., [@B94]; Nishimune et al., [@B92]; Chen et al., [@B21]). The laminin β2 subunit forms a multimeric complex with the laminin α4 subunit, which is also concentrated specifically at the NMJs (Patton, [@B98]). The concentration of laminin α4 in the synaptic cleft is lower near the active zones and higher between the active zones (Patton et al., [@B99]). Importantly, laminin α4 knockout mice exhibit mislocalization of the active zones at NMJs without a change in the total number of active zones in transmission electron micrographs (Patton et al., [@B99]). These results suggest that laminin α4 controls the location of active zones and laminin β2 controls the density of active zones in mouse NMJs.

Another synapse organizer at the NMJs that potentially determines active zone density is amyloid precursor protein (APP). APP is involved in the pathogenesis of Alzheimer's disease but has also been shown to accumulate at the NMJs (Schubert et al., [@B117]; Akaaboune et al., [@B1]). Double knockout mice for APP and its homolog, APP-like protein 2, exhibit decreased active zone density and synaptic vesicle density but a normal number of docked synaptic vesicles in NMJ profiles of transmission electron micrographs (Wang et al., [@B135]). Consistent with these defects, mEPP frequency was decreased in the double knockout mice. The conditional deletion in muscle suggests a postsynaptic requirement of APP and/or APP-like protein 2 for the presynaptic differentiation of NMJs (Wang et al., [@B137]). These results demonstrate the synaptogenic or synapse maintenance role of APP at the NMJ (Wang et al., [@B137]), but the decreased density of active zones in the double knockout mice for APP and APP-like protein 2 awaits further study to distinguish between a primary and secondary phenotype because this mutant shows widespread defects of presynaptic differentiation.

In addition to the extracellular synapse organizers, cytosolic synaptic proteins also have roles in controlling active zone density. In *Drosophila*, the number and spacing of NMJ active zones are controlled by the inositol phosphatase synaptojanin, skeleton β-spectrin, the GTPase Rab3, and the threonine kinase Unc-51 (Dickman et al., [@B31]; Pielage et al., [@B103]; Graf et al., [@B49]; Wairkar et al., [@B132]). Synaptojanin functions at endocytic sites to promote synaptic vesicle uncoating (Verstreken et al., [@B130]). *Drosophila* NMJs of synaptojanin mutants show an increased density of active zones in exchange for the decreased size of each active zone, which was revealed by the three-dimensional reconstruction of transmission electron micrographs (Dickman et al., [@B31]). In wild-type NMJs, most active zones have one dense body (T-bar), but there was more than one dense body per active zone in the synaptojanin mutants, sometimes as many as three. This study suggests that the endocytosis mechanism plays a role in defining the density of active zones. In vertebrates, synaptojanin knockout mice have been generated, but the phenotype of the active zones remains unknown in these mutants (Cremona et al., [@B28]; Kim et al., [@B63]).

Cytosolic signaling mechanisms for controlling active zone density are starting to emerge. In the *Drosophila* mutant of the serine threonine kinase Unc-51, the density of active zones or T-bars is significantly reduced in transmission electron micrographs (Wairkar et al., [@B132]). Consistent with the reduced active zone density, the extrajunctional potential and quantal content are reduced in this mutant. Unc-51 inhibits the activity of the MAP kinase ERK *in vivo* and thus, the increased ERK activity in the *unc-51* mutant is thought to cause the absence of the active zone protein Bruchpilot at NMJs. Consistent with this hypothesis, an ERK hypomorph can rescue the reduced active zone density, but not the synapse size, in the *unc-51* mutant (Wairkar et al., [@B132]). These results suggest that the Unc-51-ERK signaling pathway negatively controls active zone density and that the reduction of active zone density is not caused by the small synapse phenotype in the *unc-51* mutant.

Small GTPases seem to control the number of active zones and the protein composition of active zones in *Drosophila* NMJs. In the *Drosophila* GTPase Rab3 loss-of-function mutant, the NMJs have many postsynaptic glutamate receptors without any colocalization of the presynaptic active zone protein Bruchpilot (Graf et al., [@B49]). A transmission electron microscopy analysis revealed that the density of the active zones with T-bars also decreases in this *rab3* mutant, whereas the number of active zones with multiple T-Bars increases, suggesting a redistribution of the active zone components. Interestingly, this phenotype can be rescued by transgenically expressing *rab3* for 24 h, suggesting that *rab3* can dynamically regulate the density of active zone components in *Drosophila* NMJs (Graf et al., [@B49]). However, *rab3abcd* quadruple knockout mice did not exhibit an active zone phenotype in transmission electron micrographs (Schluter et al., [@B116]), suggesting that the intracellular mechanism controlling active zone density is different between *Drosophila* and mice. A quantitative ultrastructure analysis of the *rab3abcd* quadruple knockout synapse is needed to confirm this hypothesis.

Similar to *Drosophila* NMJs, rapid modification of the NMJ active zones also take place in mouse NMJs. Their density decreases by acutely inhibiting the signaling between laminin β2 and P/Q-type VDCCs for 48 h *in vivo* when analyzed by transmission electron microscopy (Nishimune et al., [@B92]). Similarly, at the frog NMJ active zones, the parallel rows of intramembranous particles become distorted by transiently reducing the extracellular calcium concentration for 3 h, which was revealed by freeze-fracture electron microscopy (Meriney et al., [@B81]). These analyses in three species suggest that NMJ active zones are not a rigid structure and can be reorganized within few days.

The cytoskeletal network also plays a role in controlling the active zone density. In *Drosophila* NMJs, the RNAi-mediated elimination of β-spectrin in postsynaptic muscles increases the size of presynaptic active zone as analyzed by transmission electron microscopy and the number of presynaptic Bruchpilot puncta per postsynaptic GluR cluster as analyzed by fluorescent immunohistochemistry (Pielage et al., [@B103]). The distribution pattern and the density of Bruchpilot in the presynaptic terminal were also altered by the reduction of postsynaptic β-spectrin, suggesting that a retrograde signal from the muscles to the motor nerve terminals controls the active zone density. It is currently unknown whether the molecular mechanism that controls the active zone density at the NMJs also functions in CNS synapses. In the rodent CNS, the active zones are supported by a structure called the presynaptic web, which includes spectrins (Phillips et al., [@B102]). This structure was identified from the electron microscopic observation of the purified synaptic membranes in the synaptosomal fraction. The βIII spectrin knockout mice showed impaired synaptogenesis in the cerebellum with ataxic and seizure phenotypes, but the NMJ phenotype remains unknown (Stankewich et al., [@B122]). As previously mentioned in this review, the formation of new synapses and the increase in active zone density are dependent on β-adducin, a spectrin interacting molecule, in the mouse hippocampus (Bednarek and Caroni, [@B7]). Taken together, the spectrin skeleton is likely to play a role in defining the density of active zones in vertebrate CNS synapses and NMJs.

Perspective
===========

In this review, we focused on the morphological analyses of active zone density and the molecular mechanisms that control active zone density. Interestingly, the transmitter release properties of active zones within a single presynaptic terminal are not equal. For example, the active zones within one presynaptic terminal of an NMJ have independent release probabilities, which can be deduced by the heterogeneity of the synaptic vesicle released from different active zones (Bennett and Lavidis, [@B8]; Wyatt and Balice-Gordon, [@B141]; Luo et al., [@B75]; Peled and Isacoff, [@B100]). This heterogeneity of active zone function has been studied in frog, mouse, and *Drosophila* NMJs, suggesting that it is a common phenomenon across species. Similarly, the variability of neurotransmitter release probability within one axon has been studied at CNS synapses and has been reviewed elsewhere (Pelkey and McBain, [@B101]; Branco and Staras, [@B12]). However, the molecular mechanism behind these independent controls of release probability within one presynaptic terminal is not fully understood. How do the mechanism regulating the active zone density and the mechanism controlling the independent release probability cooperate within one presynaptic terminal? Do the density of active zone and the release probability map change cooperatively or independently beyond the steady level during development, plasticity, aging, and pathological conditions in a given presynaptic terminal? The molecular analysis of active zone density together with the physiological analyses of active zones is needed to elucidate the function of active zones in synaptic transmission.

In summary, the density of active zones affects the efficiency of synaptic transmission and is thus likely to play an essential role in the neural circuit formation. During the formation and maturation of synapses and in some stable mature synapses, the active zone density is likely to be maintained by genetic mechanisms rather than neuronal activity-related mechanisms. However, some CNS synapses can alter the density of active zones beyond this maintenance mechanism. In plastic synapses of the hippocampus, stimulus-dependent changes in synaptic efficacy cause the active zone density to increase. This change in active zone density may contribute to learning and memory. Meanwhile, diseases that result in abnormal active zone density cause severe symptoms in humans. Pearson's syndrome and LEMS cause a decrease in active zone density and lead to profound neuromuscular disorders. In the CNS, single nucleotide polymorphisms in the gene coding the active zone protein Piccolo have been associated with major depressive disorder, suggesting a possible role for active zones in this disease (Sullivan et al., [@B124]). Thus, the function of the active zones and their regulated density appears to be critical for the proper function of the nervous system. Additional research into active zone density during development, disease, and plasticity is required because the molecular and cellular mechanisms that control the density of presynaptic active zones are just beginning to be elucidated.
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